In mixed lubricated contact, the asperity contact regions may be separated by a thin layer of lubricant film. Simulations of mixed lubrication often use empirical formulae to describe the change of density with pressure in the lubricated areas. However, these models may not be applicable to molecularly thin films at asperity contact regions. We present a molecular simulation approach for density characterization of the fluid at asperity contact regions in mixed lubrication. The resultant density-pressure relationship is compared to the traditional Dowson-Higginson model. It is found that the two models predict comparable densities at low pressures but diverge at higher pressures.
INTRODUCTION
Continuum simulations of mixed lubrication are useful tools for design of applications that operate in that regime. It is particularly important to obtain simulation results at the critical asperity contact areas. These asperity contact regions may be separated by a thin layer of lubricant film.
In this case, accurate characterization of the fluid behavior at the asperity contacts is important to the overall accuracy of the simulation. Traditional simulations of mixed lubrication often use empirical formulae to describe the change of density with pressure in lubricated areas. However, the behavior of thin films has been found to be different than that of the same fluid in the bulk [1] . Therefore, it is necessary to evaluate the applicability of traditional empirical models to thin films at asperity contact regions.
We present a molecular simulation approach to pressuredensity characterization for thin films at asperity contact regions. Molecular simulation has been shown to be an effective tool for studying the behavior of thin films [1] . In this research we will use a grand canonical Monte Carlo (GCMC) simulation to develop a pressure-density relationship. In this approach, a complicated mixed lubricated contact is simplified by considering a single asperity contact surrounded by bulk fluid. The single asperity can then be modeled using molecular simulation.
This representation of mixed lubrication is illustrated in Figure 1 . On either side of the asperity contact region, it is assumed that the fluid exists in its bulk state and that continuum assumptions apply. Based on this model, we consider the pressure on either side of the asperity to be the same as the normal pressure. Normal pressure is readily calculated using typical mixed lubrication simulations [2] . Then, this normal pressure can be used as the external fluid pressure in the GCMC simulation.
In traditional lubrication simulations, the effect of pressure on density is often modeled using the Dowson-Higginson (D-H) relationship [2] . The results of the GCMC pressuredensity characterization will be compared to those predicted by the D-H model in order to evaluate the applicability of the D-H model for thin films at asperity contact regions.
MOLECULAR SIMULATION
A GCMC simulation was used to determine the equilibrium fluid density for a given pressure. In the grand canonical ensemble the chemical potential, the volume, and the temperature are constant [3] . The GCMC simulation performs configuration biased insert, delete, and translate molecular moves until an equilibrium density and configuration is obtained. For the simulations performed in this research, the fixed volume was the area of the walls multiplied by a 2 nm gap and the temperature was constant at 300K. Simulations were performed for pressures ranging from atmospheric (0.1 MPa) to 250 MPa. The pressure was varied by calculating the corresponding fugacity which was then used as input into the GCMC simulation. Fugacity was calculated from pressure using the Peng-Robinson equation of state. Fugacity is defined as a function of chemical potential [4] .
The lubricant modeled in this work was n-decane. The united atom model was used for computational efficiency and the flexibility of the chain molecules was modeled using bond bending and torsion potentials. The walls were modeled as gold atoms in crystallized layers with face-centered-cubic lattice structure. Each wall had four layers consisting of 512 gold atoms. Non-bonded interactions were modeled by the Lennard-Jones potential. The potential parameters used in this research were the same as those reported by Zhang et al for a molecular dynamics simulation of n-decane fluid and gold walls [5] .
For each pressure, the GCMC simulation was run until it converged. When the number of n-decane molecules was stable around a single value, it was assumed that the simulation had converged and an equilibrium density and configuration had been obtained.
RESULTS AND DISCUSSION
In continuum lubricated contact simulations, the pressuredensity relationship is often described by the D-H model [2] .
In this expression, the coefficients are C a =0.6x10
-9 1/Pa and C b =1.7x10 -9 1/Pa, p is the pressure and ρ is the density at p. Although the difference between the D-H and GCMC models is less than 7% for the pressures at which the GCMC simulation was run, the models appear to exhibit very different trends. The D-H predicted density increases at a relatively steady rate with increasing pressure while the GCMC predicted density increases quickly with pressure and then appears to plateau.
The high pressure density trends can be evaluated by fitting a Langmuir curve (R 2 =0.996) to the exact GCMC data points and extrapolating. This extrapolated result can then be compared to the D-H predicted densities at high pressures. The result of this comparison is illustrated in Figure 3 . If the trends in the exact GCMC data continue at higher pressures, then the GCMC density at these pressures is significantly lower than that predicted by the D-H model.
CONCLUSION
Molecular simulation was used to model the pressuredensity relationship in thin films that may exist at asperity contact regions in mixed lubrication. At low pressures, the molecular model predicted densities similar to those predicted by the traditional Dowson-Higginson relationship. However, based on the low pressure data trends, the solutions are expected to diverge at high pressures with the molecularly modeled density being less than that predicted by the traditional model.
